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ICX PIUL!ETIO~CFTUBOJEcENGR?E

By William A. Fleming and Martin J. Saw.9

An iIlveatig8tion of icing &nit ice protection it the inlet of
a turbojet engine ha8 been conducted in the WGA Cleveland altitude
wind tunnel. A method of ice protection UELEI etudied whereby hot gas
was bled from the turbine inlet and injected into the air etream
ahead of the compressor Inlet. Icing conditioas  were simulated br
8prayingw8ter  into theair streamahead of theengine nacelle.
The investigation was conducted at eimulated  altitudes of 5000 and
20,000 feet with ambient-air temperaturee from Co to 35O F.

Formation of ice at the comgressor  inlet reduced the net thrust,
. Increased the specific fuel consumption b8eed on net thrust, and

within a short period of time rendered .the engine inoperative because
of excessively high turbine temper&wee. The hot-gas bleedback
system removed ice that had formed and prevented further ice forma-
tion at the ccqresaor inlet at ambient-air temperatures from 25O to
30° F. At an ambient-air temperature of Oo F, ice formation was
prevented at 11,000 rm, but ice formed very slowly at 10,000 m
with the bleedback systemin operation. Atanengine Bpeetd of
12,000 rgmwith 4.0 percent of the gas flow bled to the inlet, the
net thrust WZB decreased 18.8 percent end the specific fuel consump-
tion based an net thruet W&B increased 21.3 percent.

IWlYRCDUCTIOE

l

Ice formation at the compressor inlet of a turbojet engine
in flight till result in a reduction in thrust. Seriougr ica will
render the engine inoperative as a result of excessively high
exhaust-gas temperaturee. Flight in icing weather without equip-
ment to protect the engine inlet from ice ie therefore extremely
hazardoue, particularly with engines that have axial-flow com-
pressore.

.

.
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AB part of a general program being conducted at the RACA
Cleveland laboratory on ice protection at the inlet of turbojet
engines, an investigation was conducted in the altitude wind tunnel
from April to July, 1947 with a turboJet engine having an axial-
flow compressor. A method cf ice protection was studied in which
hot gas was bled from the turbine inlet and injected into the air
stream ahead of the compressor inlet in order to heat the inlet air
above the freezing temperature. Thie method of ice protection will
be referred to as "hot-gas bleedback". Gas was bled from the tur-
bine inlet because the gas at this station has the highest tempera-
ture and pressure in the engine. Because of the high temperature
of the gas, a relatively small quantity is needed to heat the inlet
air above the freezing tmperature. The gas can be discharged into
the air stream at very high velocity because of its high pressure,
thus affording good penetration.

The investigation was conducted at two simulated altitudes
and over a range.& ambient-air temperatures. Objectives of the
Iplogram were: (1) to study the characteristics c&' compreesor-
inlet icing and the effect of icing on engine performance; (2) to
study ice prevention and de-icing at the compressor inlet by means
of hot gas injected into the air stream; and (3) to determine the
effect of hot-gas bleedback on engine perfomnce.

IN8TAIUTIONARD IN-ION

An early experimental Westinghouse 24C turbojet engine was
mounted in a wing nacelle installed in the test section of the alti-
tudewindtunnel. The engine has an ll-stage axial-flow ccunpressor,
a double-annulus combustion chamber, and a two-stage turbine. The
rated thrust of the engine is approximately 3000 pounds at static
sea-level conditions and an engine epeed of 12,500 rpm. The cor-
responding air flow is about 58.5 pounds per second. No screena
were installed in the induction system of this engine.

The engine installation with the hot-gas bleedback system
installed is shown in figure 1. A plan drawing of the engine and
the hot-gas bleedback eystem is presented In figure 2. Hot gas
was bled from two diametrically opposite points at the turbine
inlet. The gas was carried to the top of the engine through two
3-inch-diameter ducts and forward in a single I-inch-diameter duct.
At the front of the engine, the hot gas was directed into two J-inch-
diameter ducts on either side of the inlet duct and was discharged
into a manifold formed by the cowl-inlet lip. Holes were located
around the inner circumference of the cowl-inlet lip, through which

.
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the gas was Injected Into the air strssm nom1 to ths dfrecticm of
sir flow. Abutterflyvalve  thatregulated  the flow of hotgaawas
located Inthe 4-fnoh-diemmtur duct&the rear of ths engine. A
surveyrekewss  installedstthe fomard end of thloducttcobtaln
measurements of temperature and presmure,whichwre used to csl-
culate ths mass flow that w&s bled to the inlet. Tao thsnxmouplee
and two static-pressure orificeswere  installedwithinths  hot-g&e
msnifold. All hot-gas duots were imulsted by 8srerarl layers of
asbestos tspe.

The follouing four configmxtimm of hole mrangaenta in the
hot-gas manifold at the cowl inlet were investigated (fig. 3(a)):

COIlfigU-
ration

1

2

3

4

Ilumber
of
hole8

76

19

15
4

9
3

7

I

L

Bole Total hole
diameter 8rea
(in*) (es ia.1

11132 7.05

l/2 3.74

112 5.35
7/8

518 4.57
718

millum
bl&dbWk
(ger-*)

4.8

3.5

4;o I

4.7

In configur8tion4,provision wise made to prevent Ice fornrstion cm
the stazting-motorhousfngby internalheating  of the housingdm.
Ahemisphericslcspwasinstslled  over the da&t, as shown in fig-
ure 3(b). Hotgeswaebled  into the cspthroughr stretnm7.4nad
strut, pssaed between the csp and the dome, and diecharged iato the
sir stream. .

Tempsrature distributions &cross the inlet duct with hot-gas
bleedbetckwere obtsinedvithathemocouple survey rake that
extended radially to the center of the duct (fig. 2) and wc~s
munted insplane3l~inches  downstream oftheplane stwhichthe
hot gas was injected. Similar rakesweremalxnted  atthe coqrem-
sor inlet. For configuration 4, an sdditional thermxcuple rske
was installed at the 3%.inchststlcnlnorder  to obtainatmupem-

ture survey across the full diameter of the duct. Ambient-air tern--
perature was measured with two thermocouple8 located imrmsdiately
upstream of the xater spruy.
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(fig.
A &rut on which five air-atomizing spray nozzles were mounted
4) wag installed 7 feet ahead aP the cowl inlet and 12 feet

ahead of the compreeeor inlet in the tunnel test eection. In order
to permit better oontrol UP inlet icing conditiona, a monble spray-
nozzle aserembly wag used for configuration 4, with which the spy
nozzles could be located at distancee from 1 to 7 feet ahead crf the
cowl inlet. A periecope that extended from the wall of the tunnel
test section could be raised above or lowered in front of the engfne
inlet from outside of the test Electian (fig. 4). A floodlight and
a 16-millimeter  motion-picture camera were in&all&l inside the
fairing at the lower end of the periscope in order to photograph
the inlet of the engine under ioing conditione.

The investigation wag conducted at an airspeed of 140 miles
per hour and pressure altitudes of 5000 and 20,000 feet, with
ambient-air temperatures from Oo to 35O I? at each altitude. The
engine was operated below the rated engine epeed of 12,500 rpsl in
order to allow for the rise in exhaust-gas temperature that occurred
when ioe farmed or when the bleedback eyatem wae operated. The
higheet engine speed at which hot-gag bleedback wae used uas
12,000 I&I, at whioh epeed the turbine-outlet temperature without
bleedback wae 80' F below the limiting value. The highest engine
epeed at whioh inlet icLng wae inveetigated  was 11,000 rg~, at
which speed the turbine-outlet temperature without bleedback and
without ioe on the inlet was 200° F below the limiting value.

The liquid-water concentrati~  and droplet sizes (approxi-
mately 55 microlur)  uered in the icin@; conditione  for this investi-
gatim were larger than those normally enoountered  in the atmos-
phere . The ice-protection resulte baaed on aevere icing conditiona
are ther&ore considered  to be ooneervative. De-icing results
obtained erubaequent to icing would not be affected. Scxne af the
water froze before reaching the ccmpreeeor  inlet at all epray-
nozzle poeitione. This effect wag minimized by heating the water
to a temperature Crp at least 1000 F.

For the phaee of the Investigation in which the penetration of
the hot gas at the ccrmpreseor inlet and the effeot of hot-gag bleed-
baok on performance wa8 determined, no water wae injected into the
air stream. Engine performance data and temperature profilers in
the inlet duct and at the compreeeor inlet were obtained with var-
ious amounts of hot-gae bleedback at eeveral engine epeede. Thru&
wae calculated from measurementa obtained with a survey rake mounted
at the exhaust nozzle.
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Three procedurG8 wem u8ed in the 6tudy of iue prevention and
de -ioing . In the procedure for in prevention, hot gae was bled
into ths inlet before the water spray was turned on. !Che effec-
tiveneee  of the hot gas for preventing ioe formation at the oora-
pressor inlet was thue determined. In the firet prooedure for
de-icing, the inlet was iced until the turbine-outlet temperature
was within 50' to 100° F of the limiting value; hot gas was then
bled into the inlet while water was still being sprayed into the
air stream, This procedure determined the effeetiveneee of the hot
gas for de-icing the inlet and preventing further icing. De-icing
was continued until all ice had been removed. Intheeecondpro-
cedure for de-icing, the inlet wae iced until the turbine-outlet
temperature w88 within 50° B of the limiting value; then the water
apray ~88 shut off and hot gas wae bled to the inlet. This method
determined the time required to de-Me the inlet and the m8uner in
which it de-Med. During this Dart of the investigation, the ahar-
aoterietice of inlet icing were atudied and the effeot of inlet
ioing onprformancewae determined.

RESULTS AND DBCUSSIOD

Char8cterietioe of Inlet Ioing

The first indication of inlet icing was a rise in turbine-
outlet temperature, whidh usually ocuurred approximately 2 to
4 minutes after the water spray wae turned on. when the water
spray was left on and no effort; w88  made to prevent ice formation
on the compressor-inlet guide vanes, exceaaively high turbine-
outlet temperatures oootarred stall engine speeds and rendered the
engine inoperativewithinlto  2minutesafter  the initialindi-
oation of icing. Aphotogra~of the oompreesorinletperrtlyiced
ia shown in figure 5(a) for an engine speed of 10,000 rpm and a
turbine-outlet temperature of l150° F, which ia approxirmtely
100° F 8bOVe the nomal operating temperature. The photograph
shows ice formation on the compressor-inlet guide vanes and a
h08vy  ice formtion on the dome of the starting-motor housing. An
ioe forzmtion at the compressor inlet that rendered the engine
inoperative is evident in figure 5(b), whioh shows that the air
passage neax the roots of the ocmpreasor-inlet  guide vane8 ~88
almost completely blooked, a large percentage of the air paa-
sage near the tips of the guide vanes was blocked, and a very
heavy coat of ice had fommd on the dome of the etarti.ng+mtor
housing.

.

l
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on sever81 oooaeione, the inlet was deliberately iued until
the turbine-outlet temperatures reaahed the limiting value. !l!he
engine was then stopped and a visual inepeotion was mde of the
inlet ice formations. The first- and EWoOnd-Bt8@3  rotor blades
had a 81~0th mating of ice about + inah thick that ertended
rearvard and oovered approximately 75 percent of the blade chord.
The firgt-snd 813a~nd-B'b3ge Bt&OrbladeBhad BimitiriCe fOrIM&tiOIU.
In each a888 the fornmtion was gresteat at the blade root8 and
little or no ice existed at the blade tips. On one oooaaion, ioe
fonmtione  extended about 6 inchm ahead of the leading edge of
the inlet guide vanes 8lthough air pae8agee &ill existed between
adJaa.ent ioe form&lone.

Coneiderable reduotione in net thrust resulted from ice for-
mation at the compreeeor  inlet. The percenta@ demeaee Innet
thruet is preeented infigum 6 88 a functionofthe  peruenta@
deoreaere in air flow for eeveral engine epeede at altitude8 of
5000 and 20,000 feet, an airepeed of 140 mile8 per hour, and an
smbientair  temperature of about 30° F. Icing of the compreeeor-
inlet guide vane8 throttled the Inlet air and prodnoed the 8am
effect on engine performance that would be encountered in opera-
tion at ram-preeeure  ratio8 below 1.0, In addition to inlet
throttling, the ice that famed on the first few etages of the
oompreeeor  blades ohanged the uompre88or effiolency, whiuh further
affected the engine performance. Uhen the air flow had been
deCZW88ed  by approximately 28 percent, the engine oould no longer
be operated at any epeed without exceedi= the turbine-outlet tern--
pfW8ttlIW limits. A 26-peraent  deoreaee in air flow wa8 aoowed
by 8 30.2-pement deareaee in net thrust.

As the inlet became ioed, the epeoifio fuel consumption ba8ed
on net thrust inoreseed very rapidly, a8 8hown in figure 7. When
the air flou was deoreaeed  26 peroent, the epemifio fuel cormumption
inm88ed 48.0 peraent. The inareaee In epeoifio fuel cmnemption

-w&8 barge becmme 88 the iziletbeoeme 1-d the netthru8twae
reduced, while the engine fuel flow wae inoreaeed in order to min-
tainuomtantengine speed.

Chamoterietioe  of Hot-G88 Bleedbaok

,

Effectiveneee for Ice proteotion. -J?qqekrtsture  proiiJe8 in * _
inlet duct and at the aompreeeor  inlet were obtained for the four
bleedbauk configuration8 to determine the penetration of the hot
QSS into the air BtIWEUIL A large number of ems11 hole8 were wed in
oonfiguration  1 in order to obtain 8 homogeneous mixture of hot gae
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around the oiroxmferenoe ob the mxpre8&rlnlet.  Theholearmnge-
mentvae progres8fvelymodified for the other three c-onfiguratlonn
80 that a more uniform radial t-rat- distrzbution uould be
obtained. R'or all the temperature profflee &own, the blesdbaok
valve wae wide open.

The temperature profllee aoro~a the Inlet duet and the oom-
pr888or inlet for oonfiguration lare 8houn In figure 8 for engine
speede of 8000and10,OUO  rpm. 5hot &a8 penetrated 6 iaohs8 into
the sir BtYW%UI (fig. a(8)). 5 t8mgerStUre yB8 eXW88ively hi@
near the outer wall of the inlet duot and the temperature at the
center pOrtiOn Of the duet were 8ppr0ximtdy the aaam a8 uabient-
air tempersture. 5 engine oouldnotbe operated stanengine
speed of 12,OOOrpmwiththebleedbmkvalvewide  openwithout
exoeedlng the turbine-outlet tempemture limits.

In88muohae inadequate penetrationuae  obtainedwlththe first
configur8tion,theholae fnthemnlf’oldwere tiffled. mri-
mente have 8houn that the depth of penetration of a jet is approxi-
matelyproportionalto  the orifim dLawberand the sqtzaxe  of the
ratio of Jet velocity to etream velocity. 5 diameter of the
holes for oonflguration 2 wae therefore inoXV88ed from t+to+ inch
and the number of holes vae reduoed from 76 to 19, with a correepand-
ing reduotion In are& from 7.05 to 3.74 square inohea. Thir reduo-
tion in hole area deoreaeed the gas flow that was bled to the Inlet-
The conIpre8eor-Inlet  temperature use thereby reduced, with a reeult-
ing increa8e in~~~eeor~dhnlmtberanba~~spondingrlss in
oompreesordutLstandturbiae-ialetpreeeuree. The higher pres-
sures obtalned in the hot-8 mnifold therefore inoreaeed the J8t
velocity.

Temperature profile8obtainedwithcm&QuratWn2  atengtxm
Speed8 of &ooo, 10,000, and ti,ooO ware aented infigme9.
The temperature in the inlet duot (fig. 9(a )uae approxinmtely ecm-p"
etant for a distance of 4 inches from the outer wall and deoreaaed
to approximstely &ientair temperature ut a diatanoe of 7* incthem

from the outer ,wall. All the air entering the wmpretiaor inlet u8e
above the smbient~8~t~r8huxJ (fig. 9(b)). A photogrqh of the
c%cmprea8or  inlet,whiohwaeobtaiaed  afterapproxinreLtelylOminute8
of de-ioing at an engine apeed of 10,OCO rpm and with the water
epray off (fig. lo(a)), 8hUW8 th8t brm fomtione of ioe remainsd

on the starting-motor houeln& and ocqreeeor-Inlet  guide vanea.
Af'ter 20 1nimte8 of de-ioI.ng (fig. 10(b)), very little ice had been
removed fromthe etartimg-motorhoueingbeomee  of inadequate  gene-
tiration of the hot -8.
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Ijl order  to improVe the penetration, four of the 19 hole8 in
the hot-gas avrnlfold were enlarged from-& to i-inoh diameter for
oonfiguration 3, with a aorre8ponding inoreaee in are8 from 3.74 to
5.35 8qlUU-B illohe8. Temperature profile8 obtained with config-
uration 3 for engine 8peede of 6000, 9000, and 11,000 rpm 81% pre-
sented in figure 11. !l!he tempera$ure  in the inlet duet, rmeaeured
direotly downstream of one of the large hole8 (fig. 11(a)), wa8

approrixmtely comtant for 8 di8t&ULcm of 5; in&e8 from the outer
w8fi and gradually deareased  to approxinrrtely 28O F above ax&lent-
air temperature at the duck center line for engine speed8 of 9000 and
11,000 rprn. At the omp~e8eor-inlet  43llIlU1U8,  the tempszuture  wS8
Only 8bOUt E” F lmr 8t the inner wall than 8t the Outer W&U
(fig. U(b)).

For oonfigur8tion 4, the dam of the starting-motor housing
W&%8 internally heated with hot gas (fig. 3(b)) and 12 holes were
drilled 30° apart in the hot-@%8 mnif'old; three of thees holes,
120' apart, were p inoh indiaumterand the othernine holeswere
sinoh indiamster. %XlQeI.X&tLW  profile8 aOr the diameter Of

,
the inlet duct and 8t the U~re88Or inlet for englne speeds of
8000, 10,000, and 11,000 rpm are shown in figure 12. 5 tem-
peratw'e 40ro88 the inlet duet (fig. 12(a)) wa8 con8idePabl.y above
the ambient-air temperature and was lowest st the duct center Itie.
The tempeX%%tUrS profile Wa8 unifO??XE &Or088 the OO3Il~I'Ct88Or-i~ef;
ann~lus (fig. 12(b)) 6xcept ne8r the inner wall,where  the tem-
peratur8 was highest beoauee of the hot gas diechsrged from the
oap of the starting-mtor  housing.

Hot-g88 bleedback with Configuration 4 was effeotim, not On-
in preventing i0e fomm%tioII  8t the oaupreseor inlet but 8180 in
de-Ming the inlet under continued Ming conditions. At an @lent-
air temperature between 25' and 30° F, the itiet wae iwd at several
different engine 8peede until the turbine-outlet temperature yB8
appmxinmtely 1200o.F. Hot gas was then bled to th8 inlet with the
water spray remain- on. At engine 8psed8 from 10,000 to 11,000 rpm,
approx1lPatel.y 5 minute8 were required to olear the inlet of ice and
further ice fomation was prevented. For the 8eum condition8 with
the spraywater off, th8 Inlet was oonrplete4 de-i-d in 2 minutes.
After the inlet was iced st an ambient-air temperature of about O" F,
approximately 10 minutes were required to remove the ioe from the
starting-nrotor bmeing 8nd the inlet guide vane8 with the water
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Spl-87 Off. An additional 15 minute8 were required to remove pieces
of ice ththad broken off the starting-motor  hOUSing and the inlet-
duct W8u. No de-icing ~88 attempted 8t an Embient-8%X! temperature
of O" F with the water epray on.

In order to determine ice-prevention characteristic8 with con-
figur&tion 4, the w8ter-8p?.Tg and hot-gas-bleedback 8yetems were
operated eimultsmously. &ring such operation for 30 minute8 at
anmibient-air temperature of O°Fandanengine epeed ofll,OQOrpm,
no ice formed eit the oompreesor inlet. At the 8ame ambient-air ten-
perature and auetngine 8peedof10,OOO qm, theturbiae-outlot  Ma-
perature ro8efzwn1030°to llOO"P in15minutee because a-1
amount of ice had formed on the co3npreseor-Inlet  guide vanes. I!0
ice formed onthe starting-motm homing.

Effect on engine perfomance. - Bleeding hot gas to the inlet
of the engine reeulted in a reduction of net thrust. The net thrust
18 presented in figure 13 88 a function of the percentage of gas
flow bled to the inlet for 8ever8,l englne speeds at an altitude of
20,000 feet and an airspeed of 140 mile8 per hour. For each engine
speed, the net thru8t deoreaeed as the peroentage of bleedback
i n c r e a s e d . The d8t8 in figure 13 are CrOSS-plotted in figure 14
to 8hoW the relation between net thrust and engine epeed for
various amount8 of bleedback. Atanengine 8peed ofl2,OOOrpru,
the net thrust w88 reduced from ll60 poti to 950 pounds by bleed- -
ing 4.0 percent of the gas flow to the inlet. The percentage
decrease in net -t;hrLWt 18 preSented  88 a fUIK%tiOn Of the percentage-
of gas flow bledtothe Inletinfigure  I.5 far the samedata. Ll!he
loss innetthru8tvariedlImarlywiththe  gae flmbledtothe
inlet. With 4-O-percent bleedback,  the net thru8t decreased 7.4 per-
cent at an engine speed of 8000 rpm 8nd 18.6 peroent st 12,000 rpm.
Approxiarately  three-foe of the decrease in net thrust was due
to the increaeed  compre88or-inlet temperature reSultlug *cm bleed-
back. The remainder of the thrust decreaee wa8 attributed to lower
=88 flOW OUt Of the tail pipe than through the ColEPreSBQT  and t0
the decreased Jet velocity. 5 decreased Jet velocity resulted from
8 lower ma88 flow through the turbine than through the ocmpresaor,
which required that an increased amount of energy be 8bBmbed per
pound of gaato drivetheturbIne.

The relation between fuel consumption apb the percentage of g8s
flow bled to the inlet is shown in figure 16. At engine speeds
below 12,000 ?qun, the fuel con8umption imreaeed  alIghtly as the
percentage of -8 flow bled to the inlet w&B raiered, where88 at
12,000 rpm the fug1 conmmption decreseed slightly 88 the bleed-
baok increaeed. A cro88 plot of these data is preeented in fig-
ure 17 to lhou the relationbetween fuel consumption and engine
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speed for variou8 amount8 of bleedback. These &at8 indicate that
at an engine speed of approximately 11,650 rpm, changing the amount
of bleedback would have no effeot on the fuel congumption. The
reduction in fuel commmption at high engine Speed8 a8 the bleed-
back iIICre88ed w&e a fUIUtiOn Of the engine Char8c~ri8tiC8. Because
the slope of the fuel-commmption  curve increase8 with engine speed,
the reduction in fuel consumption resulting from the decreased air
density with bleedback was greater than the increase in fuel con-
sumption reeulting from bleeding gas From the turbine' inlet.

Vari&tione fn 8pecific fuel con8umption based on net thru8t
with percentage of ga8 flow bled to the inlet 8re ahown in fig-
ure 18. The epecific fuel conemption  increaeed st all engine
8peed6  88 hot gae was bled t0 the inlet. A Cro88 plot Of the dat&
ehown in figure 18 is preeented in figure 19 to chow the relation
between specific fuel commmption and engine speed far variou8
amounts of bleedback. At an engine speed of 12,000 rpm, the
specific fuel consumption wae incressed from 1.14 to 1.38 when
4.0 percent of the total gas flow was bled to the inlet. The rela-
tion bet3Jeen the percentage increase in epecific fuel consumption
baaed on net thrust and the percentage of gae flow bled to the
inlet 18 shown in figure 20. The percentage increase in epecifio
fuel oonsumption varied linearly with the percentage of bleedback.
With 4.0 percent of the gas flow bled to the inlet, the epecific
fuel consumption increaeed 15.8 percent at 8000 rpm, 24.2 percent
at 10,000 rpnt, and 21.3 percent at 12,000 rpm.

Effects of Ice on Engine Oper8tiOn

During the proceee of de-icing, piece8 of ice
cowl lip, the duct wall, and the etarter hotydng.- - .

broke off the
large piece8 of

ice lodged afFsin8t the compressor-met gulae vanes and 8mXlJ piece8
shattered upon impact with the guide vane8 and pa88ed through the
engine. The ice paesing through the engfne cau8ed mcmmtary reduo-
tione fn engine speed of 300 to 1000 rpm alld on several occaeions
c&m8tion blow-out occurred during de-icing at an eng!ne Speed
of 10,000 rpm.

An in8pection of the engine 8fter eever& hour8 of operstion
in icing conditione  revealed that the trailing edge8 of the
ccxrpreesor-inlet  guide vane8 were damaged and one of the first-
stage rotor blade8 was slightly bent. Operation was continued after
the rotor blade and the inlet guide vanee were replaced.
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.

The following results were obtained from a wind-tunnel investi-
gation of a hot-gas bleedback system for protecting the inlet of a
turbojet engine from ioe:

1. With icing conditions at ambient-air temperatures between
2S" and 300 F end engine speeds from 10,000 to 11,000 rpm, the hot-
gas bleedback system de-iced the oompressor  inlet in about 5 minutes
and prevented further ice formation. At an ambient-air temperature
of g0 F and an engine speed of 11,000 rpm, ice formation at the com-
pressor inlet was prevented. At 10,000 Ryan and the same ambient-
air temperature, ice formad very eluwly on the compressor-inlet
guide vanes with the bleedback system in operation.

2. Bleeding hot gas to the engine inlet resulted in reductions
in-net thrust and increases in specific fuel consumption based on
net thrust. With 4.0-percent bleedtick at an engine speed of
l2,OOO rpm, the net thrust was decreased 18.8 peroent and the
specific fuel consumption was increased 21.3 percent.

3. Without hot-gas bleedback, formation of ice on the corn-
pressor inlet reduced the net thrust, increased the specific fuel
consumption based on net thrust, and within a short period of
time rendered the engine inoperative as a result of excessively
high turbine-outlet temperatures. When the formation of ice had
reduced the air flow 26 percent at a given engine speed, the net
thrust was decreased 30.2 percent and the specific fuel consumption
based on net thrust was increased 48.0 percent.

4. Ice shattering against the compressor-inlet guide vanes and
passing through the engine damaged the inlet guide vanes, slightly
bent a first-stage rotor blade, and on eeveral occasions caused com-
bustion blow-out,

Lewis Flight Propulsion Laboratory,
National Advisory Committee for Aeronautics,

Cleveland, Ohio.
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. Figure 4. - Front view  of engine  installation  showing  water-sprsy noezlee ani perboope.
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C. 18758
4. 16.47

;a) Tuxbine-outl8t tempelaturs, m" F (apt-ti;lg  100' F above normal); engine speed,
10,ooo rpn.

c. 16766
4.14.47

(b) Engine inoperative  at any engine apeed oving to exceeeive  turblne-cmtlet temperature.

Figure 5. - Ccmpreescr inlet iced with hot-gas bleedback eyeteem inoperative.  Altitude,
20,OOC feet; airepeed, 140 milee per hcnr; ambientair temperature, 30' B.



.



NACA R M  N o .  E8J25c 21
.

. .

28- ,

24
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Figure 6. - Effect of inlet icing on net thrust without hot-gas
bleedback for various engine speeda at altltudeg  of SCKJO ad 20 ~0
feet. Airspeed, 140 mfles per hour; ambient-air temperature, 3bo F.
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Decrease  in air flor, p8rC8Xlt

Figure 7. - Effect of inlet Icing on specific fuel coneumptlon
baaed on net thrust without hot-gas bleedback for various engine
speed8 at altitudea of' 5000 and 20,000 feet. Airspeed, 140
miles per hour; ambient-air temperature, 30' F.
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(a) After 10 mlnutee de-iohg.

v
c. 18759
4- 16.47

(b) After 20 minute8 de-icing.

Figure 10. - Compreseor inlet during de-ioing vlth configurstion 2. Altitude,  5000 feet;
airspeed, 140 miles per hour; ambient-alrtemperature,30°  F; engine epeed, 10,QQQ  rp;
water apray off.
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Eaa flow bled to inlet, percent

Fqg.lre 1 3 . - Varlation of net thrust with percentage gas
flow bled to compressor inlet. Altitude, 20,000 feet;
airspeed, 140 miles per hour; ambient-air temperature, 30' F.



.

NACA RM No. EBJ 25c 31

.

t
I I I t t I I L 1 I ,
I I I I I I IGas fllow &d

I v /I3 I
A /A I

O7

b YES7

8 !3 10 11 ,12x103
Engine speea, rpm

Figure 14. - Relation between net thrust and engine speed
for various amounts of hot gas bled to compressor  inlet.
Altitude, 20,000 feet; airspeed, 140 miles per hour;
ambient-air temperature, 30° F.
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Figure 15. - Varfatfon of percentage decrease in net thrust
with percentage gas flow bled to compressor inlet. Altitude,
20,000 feet; airspeed, 140 miles per hour; ambient-air
temperature, 30' F.
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Gas flow bled to inlet, percent

FLgure 16. - Variation of fuel consumption  with percentage gas
flow bled to compressor inlet. Altitude,
airspeed, 140 miles per hour

2 0 , 0 0 0  feet;
;I ambient-air temperature, 30' F.
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* Figure 17. - Relation between fuel consumption  and enRim
speed for various amounts nf ho+.  mma hlarl  1
inlet. Altitude, 20,000 f ~I -- -*-----l
hour; ambient-air temperature,  30° F.
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Figure 18. - Variation of specific fuel consumption based on
net thrust with peroentage gas flow bled to compressor inlet.
Altitude, 20,000 feet; airspeed, 140 miles per hour; ambient-
air temperature,  30° P.
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Figure 19. - Relation between specific tie1 consumption based
on net thrust and engfne speed for various amounts of hot
gas bled to cpmpreasor inlet. Altitude, 20,000 feet;
airspeed, 140 miles per hour; ambient-air temperature, 30° F.
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Figure 20. - Variation of percentage increase in specific fuel
consumption based on net thrust with percentage gas flow bled
to compressor inlet. Altitude, 20,000 feet; ait;speed,
140 miles per hour; +ient-air temperature, 30 F.
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